Membrane Electrical Effects of Histamine on
(1 mM) was added to block Ca 2+ influx. The amplitude, maximal rate of rise, and frequency of the Ca 2+ -dependent action potential induced by tetraethylammonium ion (TEA) increased in the presence of histamine in a dose-dependent manner (10~7 to 10~6 M). Also, the effect of histamine on the TEA-induced action potential was inhibited by the Hi antagonist pyrilamine maleate (10"' M). When tension was recorded from helically cut strips of coronary arteries, variable results were obtained upon addition of histamine; i.e., some preparations showed no change in tension and others, a small increase. When histamine was added to this preparation in the presence of TEA, tension increased to 60% of the maximum contraction induced by K + . These findings suggest that histamine increases the Ca 2+ inward current in coronary arterial smooth muscle. The hyperpolarization induced by histamine may be due to an increased K + conductance that is mediated by an increased Ca 2+ influx, since inhibition of Ca THE effects of histamine on vascular smooth muscle (VSM) are highly variable and range from excitation to inhibition to no effect (Broadley, 1975; Carrier, 1965; Reite, 1972; Altura and Altura, 1974; Hudgins and Weiss, 1968) . When injected into the beating dog heart, histamine causes a marked in-crease in coronary blood flow (Giles et al., 1977) suggesting a vasodilation. However, when added to the bathing solution of isolated coronary arteries of dog (Carrier, 1965) , swine, and man (Smith et al., 1951) , histamine causes a vasoconstriction. Thus, there is controversy as to the direct mechanism of action of histamine on coronary arterial smooth muscle. There are only a few reports on the effect of histamine on electrophysiological characteristics of VSM. Histamine increases spike frequency in rabbit mesenteric vein (Cuthbert and Sutter, 1965; Somlyo and Somlyo, 1968) and depolarizes rabbit pulmonary artery (Somlyo and Somlyo, 1968) . There are no reports in the literature on the electrophysiological effects of histamine on coronary VSM of any species.
The purpose of this study was to examine some of the effects of histamine on the electrical properties of VSM of isolated canine coronary arteries and to determine its effect on inward Ca 2+ current. We find that histamine increases the amplitude, maximal rate of rise, and frequency of the tetraethylammonium ion-induced, Ca 2+ -dependent action potentials, suggesting that it can increase Ca 2+ inward current.
Methods
The preparation of isolated coronary arteries and methods for electrical recordings have been described previously . In brief, small intramural coronary arteries (<500 /um o.d.) were dissected from freshly removed hearts of mongrel dogs. Vessels were slit open to form a sheet and placed in a non-recirculating organ bath maintained at 37°C. Isolated segments were continually superfused with physiologic salt solution (PSS) containing (in mM): N a \ 141; K + , 4.7; Ca 2+ , 2.5; Mg 2+ , 0.76; Cl", 124; H 2 P(V, 1.7; HC0 3~, 25; and glucose, 11. All solutions were gassed with 95% oxygen-5% carbon dioxide (pH of 7.3-7.4). Tetraethylammonium chloride (TEA) (5-15 mM) was added to the bath to induce excitability. In some experiments, histamine (Sigma) was added to the bathing solution (final concentration, 1(T 8 to 10~5 M). In other experiments, the histamine antagonist pyrilamline maleate (Chemical Dynamics Corp.) was added to the bath at a final concentration of 1CT 7 to 10~5 M. For tension measurement, helical strips were cut from isolated coronary arteries (0.5-1.0 mm o.d.). The strips were 1 cm long and 0.75-1 mm wide, and mounted in a non-recirculating organ bath. One end of the strip was anchored and the other was attached to a Grass FT.03 force transducer, the output of which was displayed on a Grass polygraph. Tension on the strips was adjusted to 1.2 g. The bath was kept at 37°C. The PSS was aerated with 95% oxygen and 5% carbon dioxide. Vessels were allowed to equilibrate for 2 hours before experimentation was started.
All data were taken as the percent maximal tension development in the presence of 150 mM K + , whereas the arterial strips were bathed in control solutions containing 2.5 mM Ca . Histamine was added to the bath at final concentrations of 5 X 10~7 or 10~6 M. After measurement, the arterial strip was washed 3 times with oxygenated PSS at 37°C. TEA was then added at a final concentration of 15 mM and tension recorded. When the TEA-induced contraction reached a steady state, histamine was added to a final concentration of 5 X 10~7 or 10" 6 M and tension increases recorded.
Transmembrane potentials (E m ) were recorded with glass microelectrodes that were filled with 3 M KC1 and had tip resistances of 30-80 mfi. The microelectrodes were mounted on a hydraulic micromanipulator (D.K.I.) allowing microelectrode impalement at the intimal surface of the vessel. The criteria for a successful penetration included: (1) a sharp negative drop from baseline upon cell entry of the electrode and (2) a sharp return to zero upon its withdrawal. Only those cell penetrations held for 30 seconds, in which the input resistance was less than 30 mS2, were considered valid. Ag:AgCl halfcells were used. The recording preamplifier was a Dagan model 8500 which possessed capacitance neutralization and an internal bridge circuit. In most experiments, the first time derivative of the action potential was recorded by use of an operational amplifier. The action potential rates of rise also were measured by recording at fast oscilloscope sweep speeds. The arterial strips were stimulated extracellularly by rectangular current pulses (10-30 msec in duration) applied through platinum plate electrodes (field stimulation). Following bridge balancing, with the microelectrode outside of the muscle, the input resistance (r in ) was determined by applying rectangular current pulses of 5-msec duration and of varying intensities through the recording microelectrode while it was in the cell and recording associated voltage changes (E m ). The total voltage displacement was used, and measurements were taken when the voltage displacement reached saturation. The slope of the steady state voltage vs. current (AV/I O ) curve through the origin was taken as the value of r^.
Results

Resting Membrane Potentials
Isolated strips of coronary arteries of the dog bathed in control solutions without TEA were impaled with microelectrodes to record the transmembrane potentials. The mean values of membrane potential (E m ) and input resistance (r^) are summarized in Table 1 . Twenty-nine impalements of eight different arteries yielded a control value for f Significantly greater than control at P < 0.05. $ Significantly greater than 10" M histamine and control at P < 0.05. E m of -55 ± 0.6 (SEM) mV, and for r in of 9.8 ±1.1 mfl. In each case, the addition of histamine caused a significant increase in E m . At 10~6 M histamine there also was a marked reduction in r^. In the presence of Mn 2+ to block inward Ca 2+ current, the previously observed hyperpolarization and decrease in r in were abolished, suggesting that these effects are related to Ca 2+ permeability (Table 1 , Fig. 1 ).
Effects of Histamine on the Amplitude and Maximal Rate of Rise of the TEA Action Potential
The induction of excitability in the presence of TEA has been extensively characterized in previous communications Harder and Sperelakis, 1979) . In brief, TEA allows action potentials to be produced in previously quiescent arterial smooth muscle by reducing the outward K + current. By reducing this large outward rectifying current the relatively slow inward current is unmasked and regenerative electrical activity can be recorded. TEA may also increase Ca 2+ influx in smooth muscle, since the inward current in coronary arterial smooth muscle is carried by Ca 2+ during the action potential .
The addition of TEA (5 mM) produced action potentials in response to electrical stimulation ( Fig.  2A) . The values of action potential amplitude and Va X are summarized in Table 2 . Addition of his- tamine caused a dose-dependent increase in both the amplitude and maximal rate of rise of the action potential (Fig. 2, B and C; Fig. 3 ). Only preparations in which the impalement was maintained throughout the course of increase in histamine concentrations were used to eliminate the variability due to poor penetrations. In the presence of TEA, histamine had little effect on E m , which was stable at around -50 mV. The increase in amplitude of the 
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FIGURE 3 Histamine-dependent increase in the maximal rate of rise (+ V ma% ) of the action potentials induced by electrical stimulation in the presence of TEA (5 mM). Each bar gives the mean (±1 SE) for at least seven different cells (penetrations) from four different arteries.
Maximal effects were seen between 5 X 10~b and 10~5 M histamine.
action potential was due to an increase in overshoot and not an increase in the absolute value of E m (Fig. 2, B and C) . Addition of the Hi antagonist, pyrilamine maleate (10~7 M), restored the amplitude and maximal rate of rise of the action potential to near control levels (Fig. 2D) , suggesting that the increases produced by histamine were due to changes of membrane conductances induced by Hi receptors.
Histamine Induction of Automaticity
In preparations in which intracellular current pulses produced action potentials after treatment with 5 mM TEA (Fig. 4A ), the addition of 10" 6 to 1CT 5 M histamine induced spontaneous action potentials (Fig. 4D) . At lower concentrations of histamine (10~7 M), the amplitude of the action potential increased (Fig. 4B) . With increasing the concentrations of histamine (to 5 X 1CT 7 M) spontaneous oscillations in E m and an occasional action potential were recorded (Fig. 4C) . A further increase in the histamine concentration to about 10~6 M elicited regularly occurring spontaneous action potentials (Fig. 4D) . In most cases, the addition of pyrilamine maleate reduced the frequency of firing of the spontaneous action potentials without effecting +V max (not shown).
When the concentration of TEA in the bathing solution was raised to 15 mM, spontaneous action potentials were recorded. Addition of histamine increased the frequency of firing of these spontaneous action potentials. Figure 5 shows the relationship between histamine concentration and action potential frequency. Initial effects were observed at 10~7 M (0.31 spikes/sec) and maximal effects at 1(T 5 M (0.87 spikes/sec). Increasing the was not recorded from the smaller (<500-/tm) coronary arteries because of the difficulty in cutting satisfactory helical strips. The drug-induced changes in tension are summarized in Table 3 . Histamine alone at 5 X 10~7 M had no effect on three arterial strips and caused small increases in tension on three others. The mean tension increase was not significantly different from zero at P < 0.05. Addition of TEA (15 mM) significantly increased tension with a time course of about 10 minutes. Histamine at 5 X 10~7 or 10~6 M caused significant increases in tension when added in the presence of TEA.
Discussion
The inhibition of the histamine-induced hyperpolarization and decreased r in in the presence of Mn 2+ suggest that these effects of histamine are mediated by Ca 2+ . A Ca 2+ -mediated increase in K + conductance (gi<) has been demonstrated for cardiac muscle (Isenberg, 1977) and nerve (Meech, 1974) . Preliminary reports also have suggested that such a mechanism may occur in isolated amphibian smooth muscle as well. Singer and Walsh (1979) have shown that in isolated smooth muscle cells there is an increased gK and concomitant hyperpolarization related to an increased entry of Ca 2+ . Similarily, Caffrey and Anderson (1979) demonstrated a membrane hyperpolarization in isolated smooth muscle cells, following brief depolarizing current pulses, which was blocked by injection of EDTA and associated with a decreased input resistance. Thus, it is suggested that the histamineinduced hyperpolarization and decreased input resistance may be due to an increased Ca 2+ influx and resultant increase in g K in coronary arterial smooth muscle. It is also possible that histamine may release Ca 2+ from intracellular stores with a resultant increase in g K . The fact that g K is increased in the presence of histamine is supported by the findings that TEA, an agent that reduces g K and increases r in (Harder and Sperelakis, 1979) , blocks the histamine-induced hyperpolarization. The histamine-induced hyperpolarization is in contrast to the depolarization observed by Somlyo and Somlyo (1968) in portal vein. It is possible that, in portal vein, histamine also increases g Na as well as gKj this would account for the depolarization.
It has been demonstrated previously that the inward current during the action potential, induced by TEA, in canine coronary arteries is carried by Ca 2+ . The increase in amplitude rate of rise and frequency of the TEA-induced action potential caused by histamine is consistent with the interpretation that histamine increases Ca 2+ inward current. This is supported by the findings that the increase in amplitude is due to an increase in overshoot and not related to an increase in E m . A similar increase in Ca 2+ inward current in the presence of histamine has been demonstrated for cardiac muscle (Josephson et al., 1976) . These findings are consistent with those of Hudgins and Weiss (1968) , who demonstrated that the histamine-induced contraction of rabbit aorta is dependent to a large extent upon Ca 2+ entry from the extracellular space. Somlyo and Somlyo (1968) also have demonstrated an increased frequency of firing in rabbit mesenteric vein upon addition of histamine.
The rather small constrictor effect on some of the coronary artery strips and the lack of any effect on others upon addition of histamine are somewhat difficult to explain in light of the observed hyperpolarization. However, it may be that the stabilizing (hyperpolarizing) effect of the increased g K offsets part of the excitatory effects of an increased Ca 2+ current induced by histamine and results in variable effects on tension. The increase in tension in the presence of TEA alone and TEA + histamine, unlike the effects of histamine alone, agrees well with the observed increased amplitude, maximal rate of rise and frequency of the action potentials. This effect probably is related to TEA's effect to reduce g K , or a synergistic action of TEA + histamine that causes a greater increase in Ca 2+ inward current. Carrier (1965) found a synergistic constrictor effect of histamine when blood was the superfusate rather than PSS, suggesting that a humoral substance in blood may potentiate the histamine effect. It should be pointed out, however, that tension was recorded from coronary arteries 0.5-1.0 mm o.d., while electrical recordings were taken from arteries less than 0.5 mm o.d. It has been shown that large and small coronary arteries can differ in their response to some vasoactive agents . Thus, it is possible that the tension response to histamine in the small arteries may differ from those recorded in the larger arteries.
As discussed earlier, however, the excitatory effects of histamine are not universal (Ercan et al., 1974; Levy, 1978) . In beating guinea-pig (Broadley, 1975) and dog (Giles et al, 1977) heart, histamine produces a vasodilation, whereas it produces vasoconstriction in isolated canine coronary arteries (Smith et al, 1951; Carrier, 1965) . The results of this study shed little light on such divergent data except that the differences may be dependent upon the type of or concentration of histamine receptors, or a histamine-mediated release of vasodilating substances in the beating heart.
The inhibition of the effects of histamine on the coronary arterial action potential by pyrilamine maleate suggests that the effects may be mediated by Hi receptors. Both Hi and H 2 receptors have been identified in the cat and dog coronary circulation (Black et al., 1975) .
